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Highlights 
 Tide-induced pore-water circulation averts salt build-up in the near-creek area of a 
sandy-loam marsh 
 Density-driven flow dissipates salt accumulation in the marsh interior 
 Interplay of spring-neap tides, rainfall and evaporation determines the overall marsh soil 
conditions 
 Vertical 1-D behaviour and processes become profound in low-permeability marshes 
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Abstract 
Salt marshes, distributed globally at the land-ocean interface, are a highly productive eco-system 
with valuable ecological functions. While salt marshes are affected by various eco-geo-hydrological 
processes and factors, soil moisture and salinity affect plant growth and play a key role in determining 
the structure and functions of the marsh ecosystem. To examine the variations of both soil parameters, 
we simulated pore-water flow and salt transport in a creek-marsh system subjected to spring-neap tides, 
evaporation and rainfall. The results demonstrated that within a sandy-loam marsh, the tide-induced 
pore-water circulation averted salt build-up due to evaporation in the near-creek area. In the marsh 
interior where the horizontal drainage was weak, density-driven flow was responsible for dissipating 
salt accumulation in the shallow soil layer. In the sandy-loam marsh, the combined influences of 
spring-neap tides, rainfall and evaporation led to the formation of three characteristic zones, c.f., a near-
creek zone with low soil water saturation (i.e., well-aerated) and low pore-water salinity as affected by 
the semi-diurnal spring tides, a less well-aerated zone with increased salinity where drainage occurred 
during the neap tides, and an interior zone where evaporation and rainfall infiltration regulated the soil 
conditions. These characteristics, however, varied with the soil type. In low-permeability silt-loam and 
clay-loam marshes, the tide-induced drainage weakened and the soil conditions over a large area 
became dominated by evaporation and rainfall. Sea level rise was found to worsen the soil aeration 
condition but inhibit salt accumulation due to evaporation. These findings shed lights on the soil 
conditions underpinned by various hydrogeological processes, and have important implications for 
further investigations on marsh plant growth and ecosystem functions. 
Keywords 
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Key Points: 
 Tide-induced pore-water circulation averts salt build-up in the near-creek area of a sandy-loam 
marsh 
 Density-driven flow dissipates salt accumulation in the marsh interior 
 Interplay of spring-neap tides, rainfall and evaporation determines the overall marsh soil 
conditions 
 Vertical 1-D behaviour and processes become profound in low-permeability marshes 
 
1. Introduction 
Salt marshes are one of the most productive eco-systems with herbaceous vegetation [1-3] and 
serve as essential habitats for many intertidal fauna, including birds, mollusk and fish [4]. Inundated 
periodically by tidal water, these marshes export nutrients to coastal water bodies (nutrient outwelling) 
and hence foster the near-shore marine eco-system [5, 6]. Through photosynthesis, marsh plants 
sequester carbon from the atmosphere, which is then stored in above- and below-ground biomass. As 
the salt marsh grows vertically with the deposition of inorganic sediments, burial of plant roots and 
shoots occur. Organic matter production typically outweighs decomposition in the marsh soil, making 
the marsh system a highly efficient carbon sink [2, 7, 8]. It was suggested that globally at least 430 Tg 
carbon is stored in the top marsh soil layer of around 50 cm thickness [8]. Salt marshes have attracted 
intensive research interests across various disciplines in relation to greenhouse gas emissions and 
climate change [9]. Buried organic matter also contributes to changes in marsh morphology [10, 11]. 
Salt marshes are becoming increasingly vulnerable to the impact of global climate change. The 
global sea level rise may experience acceleration in this century [12, 13]. If a marsh cannot keep pace 
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with the regional sea level rise, it would be increasingly inundated and shrink [10, 14, 15]. Salt marshes 
are also affected by human activities. Coastal areas are often densely populated [16]. Intensive land 
reclamation has been carried out in coastal zones, e.g., in China [17]. Over the past century, the global 
coverage of salt marshes has declined by around 50% [18]. Furthermore, many existing salt marshes 
around the world suffer from serious degradation and loss of essential eco-system functions. 
As primary producers, marsh plants play an essential role in maintaining wetland biodiversity, and 
affect sediment deposition/erosion [14, 19-23]. Marsh plants are often found to be distributed in an 
organized fashion with distinct spatial patterns – a phenomenon known as plant zonation [24, 25]. 
Marsh morphology, species competition, surface water hydrodynamics and subsurface flow processes 
have been investigated in relation to the plant growth and distribution [3, 26-28]. Among various 
factors, soil aeration and pore-water salinity (PWS) have been suggested to play important roles in 
affecting plant composition, productivity and distribution in marsh eco-systems [24, 26]. Soil aeration 
determines oxygen availability in the marsh soil, which in turn affects plant root respiration and thus 
marsh plant growth [24, 29-31]. Marsh plants can be stressed by high salt concentrations in the root 
zone. The growth of most marsh plant species (even Spartina alterniflora with a relatively high 
salinity-tolerance level) is inhibited once PWS in the shallow soil layer exceeds 70 ppt (parts per 
thousand, mass fraction) [32]. 
In the marsh soil, the aeration condition is controlled by and related to the soil water saturation 
(SWS). Both SWS and PWS appear to depend on the elevation-dependent hydroperiod, which 
measures the total duration of marsh platform inundation over a reference period, e.g., a spring-neap 
tidal cycle [24, 33]. In the area where the pore-water horizontal flow in the marsh soil is weak, a short 
hydroperiod is likely to result in low SWS [33] but high PWS [34]. Around the spring high tide level 
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where the hydroperiod is nearly zero, evaporation would cause significant salt accumulation and raise 
the local PWS, which may lead to the formation of hypersaline zones [34-36].  
Marshes are commonly developed with tidal creeks, which play a key role in transporting water, 
nutrient and sediment within the system [19, 25]. Field investigations have been conducted to 
understand the groundwater dynamics along cross-creek sections [37-44]. These studies focused on the 
saturated zone and found that the groundwater table in the near-creek zone responds to the tidal 
fluctuations but in the marsh interior the tidal effect is weakened due to soil damping. Such tidal 
response may lead to a well-drained and -aerated near-creek zone, which tends to experience relatively 
low PWS [37] and favour plant growth [30, 31]. In comparison with the water table, the SWS and PWS 
in the shallow soil layer present a great challenge for in situ measurements and thus have so far been 
poorly understood with limited data available [27]. 
The effects of tides transmitted through the creeks influence greatly both saturated and unsaturated 
pore-water flow in the marsh soil, as demonstrated by a number of numerical simulations based on 2-D 
cross-creek sections [25, 45-54]. These studies showed a near-creek circulation with water infiltrating 
from the marsh platform during submergence on rising tides and seeping out across the creek 
bank/bottom during emergence on receding tides. Xin et al. [33] considered combined influences of 
spring-neap tides and evapotranspiration (i.e., evaporation and plant transpiration), and delineated three 
characteristic flow and SWS zones: (1) a well-drained near-creek zone affected by semi-diurnal tides, 
(2) a less well-drained zone where drainage occurs only during neap tides and (3) an interior zone 
where evapotranspiration determines the SWS. Field observations made by Wilson et al. [28] 
confirmed the existence of these characteristic zones in natural marshes. It was found that the transition 
from the tall to short Spartina alterniflora zone is controlled by spring-neap tides. As suggested by 
previous studies [25, 33, 48], both evaporation and plant transpiration could take freshwater away from 
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the marsh soil and thus improve the soil aeration condition. However, these processes would induce 
significant salt accumulation if no mechanism is available for salt removal from the soil [55]. By 
examining the pore-water age, Wilson and Gardner [49] suggested that the tide-induced pore-water 
circulation could dilute the PWS in the near-creek zone and thus prevent local salt build-up. 
In comparison with pore-water flow investigations, the salt transport and distribution in marsh soils 
have been much less well studied. Morris [56] and Wang et al. [34] simulated marsh soil salinity 
affected by various eco-hydrological factors and showed that evaporation can lead to salt accumulation 
in the marsh soil. However, these studies were based on a highly simplified box model with no direct 
consideration of flow and salt transport processes such as the creek-induced drainage and density-
driven flow induced by salinity variations. On the other hand, Geng et al. [35, 36] studied in detail the 
pore-water flow and salt transport in a beach groundwater system subjected to evaporation. It was 
found that evaporation takes freshwater up through capillary transport but leaves salt behind in the soil. 
This process could induce salt accumulation and lead to higher salinity in the shallow sediment layer. 
This forms an upward density gradient with denser saline water overlying lighter freshwater. The 
upward density gradient enhances downward flow and may trigger unstable fingering flow, which 
affects the salt transport and PWS distribution [57-59]. However, salt marshes, with an extensive low-
relief area subjected to tidal inundation, are a similar but not exactly the same system as the beach 
groundwater aquifer. Thus, the effects of evaporation on soil water saturation and pore-water salinity in 
a salt marsh remains unclear. In particular, how would evaporation, the tide-induced circulation and 
density-driven flow combine to affect salt transport, accumulation and removal in the marsh soil? 
In this study, we simulated the partially saturated and density-dependent pore-water flow in a 
creek-marsh system subjected to the influence of spring-neap tides, evaporation and rainfall. The 
purpose of the study was to address the following three questions: (1) how does the marsh avert 
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continuous salt build-up in the shallow soil layer due to evaporation? (2) Are there any characteristic 
PWS zones, similar to the drainage zones for SWS [53]? (3) How is the SWS condition correlated with 
the PWS condition? The answers to these questions shed light on how the soil conditions, as quantified 
by SWS and PWS, vary within in the marsh system, which provides a base for further analysis on 
marsh plant distributions. 
 
2. Conceptual and numerical model 
2.1. Conceptual model 
The balance of water and salt mass in a creek-marsh system is affected by various eco-geo-
hydrological factors (Fig. 1). In this study, we considered the effects of tides, evaporation and rainfall. 
Thus, the simulated soil PWS was affected by tidal flooding, drainage, salt transport (advection and 
diffusion), salt accumulation due to evaporation and exchange across the soil surface (during tidal 
overtopping). To focus on the mechanisms of salt accumulation and removal, we set up a simplified 
marsh model with a fixed geometry as shown in Fig. 1a. The 2-D marsh cross-section was assumed to 
be laterally bounded by two parallel creeks and only one symmetrical half section is considered here as 
shown in Fig. 1a. AB, CD and AE indicate the marsh platform, the impermeable base and the creek 
bank with a slope of 1:2, respectively. No creek bed is included in the model. The marsh soil was 
assumed to be hydraulically homogeneous and isotropic. 
The setup of this model is similar to those adopted in many previous studies [25, 49, 50, 53] and 
allows an effective investigation on the key processes that control the marsh soil condition. It should be 
noted that to simulate a real marsh with a creek network, a 3-D model is required. The three-
dimensionality of the marsh system is important in the areas near the creek junctions and large creek 
meanders [33, 60, 61]. This, however, would increase significantly the computational cost for the 
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simulation. With increased complexity, the 3-D model would not help to generalise the simulations 
results to address the research questions for the present study. For the same reason, we also neglected 
sediment deposition and erosion, which would lead to changes of the boundaries and domain of the 
marsh model. 
Spring-neap tides as commonly found at natural coasts were considered [40, 62]. 
    tide MSL 1 1 2 2cos cosH Z A t A t     (1) 
where tideH  is the tidal water level [L] at the time t  [T]; MSLZ  is the mean sea level [L]; 1A  and 2A , and 
1  and 2  are the amplitudes [L] and angular frequencies [T
-1
] of the semi-diurnal solar and lunar tide, 
respectively. The bi-chromatic signals combine to produce the spring-neap tidal variations. For the 
semi-diurnal solar tide, 1T  = 12 h and 1  = 0.5236 rad/h; and 2T  = 12.42 h and 2  = 0.5059 rad/h for 
the semi-diurnal lunar tide. Thus the spring-neap tidal cycle is formed with a longer period of 
1 22 / ( )T      = 14.78 d [63]. 
For rainfall ( R  [LT
-1
]), we applied a Markov-chain Monte-Carlo simulator to determine rainfall 
occurrence and duration (Fig. 2). The probability of rain following an hour of dry weather was set to be 
1% and the probability of dry weather following an hour of rain was 10%. The rainfall intensity was 
assumed to satisfy a normal distribution with a mean intensity of 2 mm/h and standard variation set to 
0.5 mm/h. For the generated random rainfall series, the annual rainfall is around 1.6 m and the number 
of rain events is around 80 per year. The simulated rainfall condition is typical in coastal areas [34, 37, 
56]. 
In this study, we adopted a simple and yet widely used evaporation model assuming 
thermodynamic equilibrium between the liquid and gaseous phases [35, 58, 64-66]. 
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where vE  is the evaporation rate [LT
-1
]; a  is the air density [ML
-3
]; wU  is the wind speed [LT
-1
]; aq  
is the air specific humidity [-]; sT  is the temperature in the Celsius degree [℃]; vP  is the saturated 
vapor pressure [ML
-1
T
-2
]; aP  is the atmospheric pressure at the ground surface [ML
-1
T
-2
]; ssS  is the 
SWS at the soil surface [-];   is the soil porosity [-]. In reality, the evaporation process is quite 
complex and subjected to a large degree of uncertainty. In particular, evaporation is sensitive to wind 
speed, air specific humidity and temperature (further details as shown in Fig. S1 of Supplementary 
materials). In the simulations, we fixed the values for all the parameters, except the SWS at the soil 
surface, based on the typical condition of the Dongtan marsh wetland on the Chongming Island, China 
[37]: i.e., a  = 1.205 kg/m
3
, wU  = 3 m/s, aq  = 0.6; sT  = 15 ℃; aP  = 101 kpa and   = 0.45. Eq. (2) 
then yielded a SWS-dependent evaporation rate with the maximum value equal to 12.49 mm/d (Fig. 3a). 
The potential evaporation is within the range of field measurements at natural marshes [25]. As 
discussed later, PWS did not reach the saturation salinity (around 231 ppt) for salt precipitation to 
occur in all the simulations. The readers are referred to Zhang et al. [65, 66] for further discussions 
about the effects of salt precipitation (efflorescence and subflorescence) on evaporation. 
2.2. Numerical model 
SUTRA [67] was used to simulate the variably saturated, density-dependent pore-water flow and 
salt transport in the marsh soil under conditions described above. In SUTRA, the fluid mass balance is 
governed as follows: 
 
 ( )W sS t q Q       , (3a) 
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   
(3b) 
where x  is the horizontal coordinate [L]; z  is the elevation [L]; q  is the Darcy velocity vector with 
components in both horizontal and vertical directions [LT
-1
]; t  is the time [T]; WS  is the SWS [-]; P  
is the pore-water pressure [ML
-1
T
-2
]; g  the gravitational acceleration; Q  is the fluid source/sink [T
-1
] 
and s  is the density of fluid source/sink [ML
-3
] (note this is used for simulating evaporation and/or 
rainfall infiltration at the marsh surface);   is the fluid density [ML-3] that varies with the salinity 
according to 0 C    , where 0  is the freshwater density [ML
-3
], C  is the PWS [-] and   is a 
ratio constant, = 714.3 kg m
-3
;  K   is the relative hydraulic conductivity [LT-1];   is the pore-water 
pressure head [L] ( P g , negative in the unsaturated zone). 
The salt transport in the marsh soil is governed by the transport equation as follows: 
 
   ( )W W s sS C t qC S C QC         D  (4) 
where D  is the hydrodynamic dispersion tensor [L
2
T
-1
]; and sC  is the salinity of the fluid source/sink 
[-]. The relative hydraulic conductivity and the SWS were calculated using the van Genuchten [68] 
formulas: 
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where sK  is the saturated hydraulic conductivity [LT
-1
]; WresS  is the residual water saturation [-]; and 
  [L-1] and n  [-] are water retention parameters. It should be noted that we assumed that  K   is 
only dependent on the pore-water pressure head (i.e., capillarity in the unsaturated zone). The increase 
in PWS may increase the water viscosity and thus decrease hydraulic conductivity. The readers are 
referred to Boufadel et al. [59] for further discussions about the effect of PWS-dependent viscosity on 
pore-water flow. 
2.3. Boundary conditions 
Boundaries BC, CD and DE (Fig. 1a) were treated as no-flow boundaries. For the marsh platform 
(AB) and creek bank (AE), we developed a subroutine to determine the state of each node at every time 
step as follows: 
(1) If tideH z , the nodal head was prescribed by the hydrostatic pressure given by the depth of 
overlying water. Under this condition, both evaporation and rainfall infiltration (RI) were switched off, 
i.e., 0vE   and 0RI  . 
(2) If tideH z  and the pressure at the previous time step pre 0P  , the node was taken as part of a 
seepage face with local pressure equal to the atmospheric pressure, i.e., 0P  . As above, 0vE   and 
0RI  . 
(3) If tideH z  and pre 0P  , the pressure-prescribed boundary is replaced by a flux-prescribed 
boundary with the flux set according to the evaporation and rainfall infiltration rates. During the rain 
period, evaporation was paused, i.e., 0vE  ; else, evaporation was switched on with calculated rate 
applied at the boundary node as source/sink. 
Based on the pore-water pressure at the node ( nP ) immediately below the soil surface, we 
calculated the local maximum infiltration rate under the surface ponding condition of zero water depth 
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as  max 1s nI K P g z       where z is the vertical grid size. The rainfall infiltration rate (RI) was 
then determined according to maxmin( , )R IRI  . In SUTRA, the flux-specified boundary condition is 
implemented via fluid source/sink set at the boundary node [67]. For the salt transport simulation in 
SUTRA, the PWS of the inflow water was applied where inflow (to the soil) occurred and zero PWS 
gradient was specified at nodes with outflow (from the soil). In this way, outflow would remove salt 
from the marsh soil. For outflow generated by evaporation, this would be non-physical. To retain the 
salt, we set up a salt mass source at each evaporation node to compensate the salt mass efflux due to the 
zero PWS gradient condition applied at the outflow boundary. 
It should be noted that SUTRA has been well validated and now widely used for simulating pore-
water flow and solute transport in porous media [67]. In this study, all the changes made to the SUTRA 
code were associated with the BCTIME subroutine, where time-dependent boundary conditions are 
specified [67]. 
2.4. Parameter values used in the simulations 
In order to address the three questions for the study as described in the introduction section, we 
designed eight simulation cases (details listed in Table 1). Cases 1-4 are combinations of different 
hydrological factors for a sandy-loam marsh. Two other typical marsh soils (silt-loam and clay-loam) 
were further considered to examine the effect of soil type in Cases 5 and 6. These two soil types are 
mainly related to different capillary effects; in particular, clay-loam tends to have high SWS for a given 
capillary head at the marsh soil surface, which can sustain a relatively large evaporation flux. The 
parameter values for the soil used in the simulations are representative of natural marshes [37, 69, 70]. 
The soil water retention curves of the three simulated soil types are shown in Fig. 3b.  
For the spring-neap tides, the amplitudes of semi-diurnal solar and lunar tides were set to 0.25 m 
(
1A ) and 0.75 m ( 2A ), respectively. Thus, the tidal range varied between 0.5 and 1 m from the neap to 
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spring tides. For Cases 1-6, the mean sea level, 
MSLZ , was set at 4.2 m. which allowed the marsh 
platform to be inundated with a water depth of 0.2 m at the high-high tide. In Cases 7 and 8, 
MSLZ  was, 
respectively, set to 4.3 and 4.4 m to simulate the impact of sea level rise. The salinity of the creek water 
was set to 10 ppt, within the range of measured salinities at the Chongming Dongtan wetland [37]. In 
all the cases, longitudinal dispersivity L  = 0.5 m and transverse dispersivity T  = 0.05 m. The 
molecular diffusivity was set to 10
-9
 m
2
/s. 
The numerical solutions were obtained with the marsh domain discretized by 15600 elements 
(15953 nodes). The mesh was refined tor the top 2 m soil layer, with the vertical and horizontal grid 
sizes set at 0.05 and 0.2 m, respectively. The time step was set to 300 s. Initially, the pore-water 
pressure was set to the hydrostatic condition at the high-high tide. The initial PWS was set uniformly to 
10 ppt, the same of the creek water. 
 
3. Simulation results and analysis 
3.1. Marsh soil conditions subjected to tides and evaporation 
The model was run initially with evaporation and rainfall turned off and for a sufficiently long time 
(three years) to reach a quasi-steady state (i.e., the periodic solution) with respect to hydraulic heads 
(Case 1). Then, evaporation was introduced to examine how salt was accumulated and 
transported/removed in the marsh soil (Case 2). 
During the marsh emergence, evaporation took away water but left salt behind, resulting in salt 
accumulation in the marsh soil (Fig. 4, left side panels). The PWS in the shallow soil layer increased 
with time significantly in the marsh interior (x > 15 m). In contrast, much less increase of the PWS was 
evident in the near-creek area (x < 10 m), where relatively strong tide-induced circulation was expected 
to dilute the local salt concentration and maintain the PWS at a similar level to that of the creek water 
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(10 ppt) [49]. It can be seen that the saline plume around x = 15 m moved towards the creek and 
subsequently seeped out across the creek bank. The simulated tidal circulation pattern was consistent 
with the findings of previous studies on marsh pore-water flow [49, 60, 61]. From the creek to marsh 
interior, the tidal circulation weakened, allowing evaporation to become more and more important in 
regulating local water balance and PWS during the platform emergence. In Year 1, the high PWS zone 
appeared in the shallow soil layer to a depth less than 1 m (Fig. 4a). Over the next six years, the high 
PWS zone extended downward (Figs. 4c, e and g). 
As the PWS increased, the salinity difference between the shallow and underlying pore-water 
generated significant upward density gradients, trigging unstable fingering flow (Fig. 4c, e and g). Such 
unstable flow has been previously observed in laboratory experiments by Shen et al. [57, 71]. The salt 
fingers associated with the unstable flow penetrated the soil layer relatively quickly to a great depth, 
providing a mechanism for removing accumulated salt from the shallow zone in the interior area. To 
ascertain this salt removal mechanism, we conducted another simulation with the density effect 
excluded by setting   = 0 (Fig. 4, right side panels). Without the density effect, the expansion of the 
high PWS zone occurred in a regular fashion with no salt fingers formed. As a result, much more salt 
accumulated in the shallow soil layer. In this simulation, low PWS also appeared near the creek, 
confirming further that in the near-creek area the tide-induced circulation was responsible for removing 
accumulated salt to avert salt build-up in the marsh soil [49, 60, 61]. 
If salt accumulation due to evaporation continues in the marsh interior with no effective salt 
removal mechanism, the local PWS in the shallow soil layer would keep rising until reaching the 
saturation level (around 231 ppt) to cause salt precipitation in the form of efflorescence and 
subflorescence [65, 66]. We compared the PWS distribution over the top 1 m depth between Year 5 
and 7 (Fig. 4e versus Fig. 4g) for Case 2 where density-driven unstable flow provided a sufficient salt 
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removal mechanism. The annually averaged PWS values were within 85 ppt and exhibited distributions 
with little difference between these two years, suggesting that the system had almost approached a 
quasi-steady state. In contrast, the simulation with no consideration of the density effect predicted a 
continuing trend of rising PWS in the shallow soil layer, increasing to 115 ppt in Year 7 from 105 ppt 
in Year 5 (Fig. 4f versus Fig. 4h). 
To further explore the coupled pore-water flow and salt transport in the shallow soil layer of the 
marsh interior, we examined the spatial and temporal variations of instantaneous hydraulic head 
(converted to equivalent freshwater head), PWS and SWS over the first spring-neap tidal cycle in Year 
8 (Fig. 5). We also calculated the total amounts of water and salt stored in the top 1 m soil layer (Fig. 
5b). These quantities would indicate the overall SWS and PWS conditions of the shallow soil layer. 
The results showed that both water influx to and efflux from this top soil layer occurred over the 
spring-neap tidal cycle. During the (overtopping) spring tides (from day 0 to 3.5 as shown in Fig. 5a), 
the two fluxes largely balanced each other, except for fluctuations as evident in the total amount of 
water shown in Fig. 5b. The fluctuation was mainly due to the near-creek pore-water circulation (see 
detailed discussion in Xin et al. [33]). During the (non-overtopping) neap tides, the efflux was 
dominant, resulting in an overall decrease in the total amount of water in the top soil layer (Fig. 5b, 
from day 4 to 11).  
Consistently, the total amount of salt declined over the neap tide period. In the marsh interior, 
continuing evaporation led to increase of the PWS and expansion of the high PWS zone (Fig. 5g in 
comparison with Fig. 5d). In the meantime, combined drainage to the creek and evaporation lowered 
the groundwater table (Fig. 5f versus 5c) and created an overall low SWS (well-aerated) condition (Fig. 
5h versus 5e). It can be seen clearly from the streamlines starting at the 0.5 m soil depth that drainage 
to the creek dominated in the near-creek area (x < 30 m) while evaporation-induced vertical flow 
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controlled the soil conditions in the marsh interior (x > 30 m). This predominantly water-losing 
condition changed rapidly as the first incoming spring tide overtopped the marsh platform and started 
to saturate the marsh soil (Figs. 5i, 5j and 5k). At Day 11.4, a sharp increase in the total water amount 
occurred (Fig. 5b). As the unsaturated pore space in the top 1 m soil layer was filled up by the 
overtopping creek water, the total amount of water stored in this layer increased by 3.3 m
3 
(from 22.0 to 
25.3 m
3
). In the meantime, more salt got transferred to and stored in the soil, resulting in a similarly 
sharp increase in the total salt amount (from 1200 to 1245 kg, Fig. 5b). This increase in the salt mass 
(45 kg) was provided mainly by the creek water with the salinity of 10 ppt and also due to mixing 
between the upper pore-water and the deep high PWS water. During the subsequent overtopping spring 
tides (day 11.4 to 18), the overall water storage changed little as the soil remained largely saturated 
(Figs. 5n), except for the near-creek area where drainage took place during low tides and caused small 
oscillations in the total water amount (Fig. 5b). However, the total amount of salt decreased, indicating 
net salt efflux from the top soil layer (Fig. 5b). As discussed earlier, salt accumulation due to 
evaporation generated large upward density gradients, which led to unstable flow. Downward 
penetration of salt fingers provided an effective way of removing salt from the top soil layer to the deep 
layer (streamlines in Fig. 5c). The movement of salt fingers pushed ambient water upward, forming 
local circulation as shown in Fig. 5l. The upward flow extended to the marsh soil surface and produced 
salt efflux across this boundary during the submergence. Note that this efflux removed salt out of the 
marsh soil as demonstrated in Shen et al. [57, 71].  
We further examined the local time-averaged per-unit-area flux across the marsh platform with 
respect to the density effect by comparing the two cases: Case 2 with the density effect considered and 
the comparison case with the density effect neglected (Fig. 6 and Fig. S2 in Supplementary materials). 
The water influx in both cases initially decreased from the creek to the marsh interior and kept 
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relatively constant for x > 30 m (Fig. S2 in Supplementary materials). This trend was consistent with 
the tide-induced pore-water circulation that weakened with the distance from the creek. As expected, 
the salt influx was proportional to the water influx (multiplied by the creek water salinity). With no 
density effect, the salt efflux equaled zero – no salt removed from the soil from the marsh platform. In 
comparison, salt efflux occurred across the marsh platform in the marsh interior as a result of the local 
circulation and upward flow under the unstable condition caused by the density effect (Fig. 6, x > 30 
m). This efflux removed approximately 17% of salt brought by the infiltrated creek water in the marsh 
interior. 
Overall, the results presented above demonstrated that within the sandy-loam marsh, the tide-
induced circulation/drainage was responsible for the removal of accumulated salt in the shallow soil 
layer due to evaporation in the near-creek area. In the marsh interior, density-driven unstable flow, 
producing both upward and downward salt efflux, provided the salt removal mechanism to avert salt 
build-up in the shallow soil layer. 
3.2. Marsh soil conditions subjected to tides, evaporation and rainfall 
As the shallow soil layer is particularly important for plant growth and wetland eco-functions, it 
has been the focus of various studies [8, 25, 56]. Assuming a well-mixed condition in the shallow soil 
layer and a quasi-steady state of the marsh system with respect to water and salt mass, one can apply 
the mass balance principle to explore the relationship among the various fluxes across the boundaries 
of this soil layer, i.e., 
 
Tide Drainaged d Influx Effluxwater vS t E RI     (7a) 
 
Tide Tide Drainage outd d Influx EffluxsaltS t C C   (7b) 
 
salt waterPWS S S  (7c) 
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where waterS  and saltS  are the water and salt storages in the shallow soil layer, respectively; TideInflux  
and DrainageEfflux  are the tide-induced water influx and efflux across the upper (marsh surface) and 
lower (interface with the deep soil) boundary, respectively; TideC  and outC  are the salinity of the creek 
water and outward flowing water, respectively. waterS  is linked to the overall SWS. It is worth noting 
that the pore-water flow in the shallow soil layer is predominantly vertical, particular in the marsh 
interior where the horizontal flow is weak [60, 61]. Therefore, this box model is applicable for a unit-
area soil layer. In our simulated marsh system, the creek water provided the ultimate source of salt that 
was recycled through the marsh soil. Infiltrated creek water was subjected to mixing with the ambient 
pore-water and infiltrated rainwater, and influenced by evaporation. These processes combined to 
control the changes of the water and salt storages in the shallow soil layer, which determine the 
behavior of the local average PWS (equation (7c)). Based on the box model, we analyzed the annually 
averaged soil conditions in the simulated sandy-loam marsh (Fig. 7). It should be noted that the annual 
rainfall pattern shown in Fig. 2 was repeated for all simulation years. We calculated the local per-unit-
area net flux (influx + efflux, noting that the former dominated over the latter as shown in Fig. S2 in 
Supplementary materials) across the marsh platform, induced by the tides, evaporation and rainfall 
infiltration, respectively (the mean values are listed in Table 1). 
For Cases 1-4, low hydraulic head appeared in the near-creek area (Fig. 7, left side panel). From 
the creek to the interior, the local groundwater table increased and afterward kept nearly horizontal. 
Consistently, larger tide-induced influx occurred across the marsh platform in the near-creek area, 
generating significant pore-water circulation (Fig. 8a). For all cases, the average SWS in the shallow 
soil layer near the creek was relatively low (Fig. 7, right side panel). The local PWS was similarly low 
in the near-creek area but differed case by case toward the marsh interior (Fig. 7). Key findings are: 
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(i) With evaporation considered and rainfall excluded (Case 2), the overall PWS increased 
significantly (Fig. 7e versus Fig. 7b). As evaporation at an average rate of 6.94 mm/d created more 
unsaturated pore space during the platform emergence, the average tide-induced influx increased from 
5.00 to 12.48 mm/d. Evaporation lowered the groundwater table in the marsh interior (Fig. 7d versus 
Fig. 7a); for example, the local groundwater table at x = 60 m dropped from 5 to 4.8 m. This resulted in 
lower SWS (Fig. 7f versus Fig. 7c). From the creek bank to x = 30 m, the average PWS in the shallow 
soil layer increased from 10 to 80 ppt (Fig. 9a). This zone was predominantly affected by the drainage 
induced by the spring-neap tides (Fig. 9b). In this well-drained zone, low SWS enhanced creek water 
infiltration during the submergence (Fig. 8a) and constrained evaporation during emergence (Fig. 8b). 
The former process flushed salt from the shallow soil layer and diluted the local PWS while the latter 
process led to less salt accumulation, jointly resulting in low PWS. Further away from the creek (x > 30 
m), PWS remained at a high level around 85 ppt with oscillations induced by the unstable fingering 
flow (Fig. 9a). 
(ii) The effect of rainfall infiltration (Case 3) was opposite to that of evaporation. Rainfall 
infiltration raised the local groundwater table in the marsh interior (Fig. 7g versus Fig. 7a). This in turn 
affected the rainfall infiltration, which depended on rainfall intensity and infiltration capacity (Fig. 8c). 
From the creek bank to interior, the local infiltration rate decreased with increasing SWS. For Case 3, 
the mean infiltration rate was 2.39 mm/d, much less than the annual rainfall rate (1.6 m/y). The 
infiltrated rainwater (of zero salinity) reduced local PWS but raised local SWS (Fig. 9). 
(iii) As expected, the effect of rainfall weakened the evaporation effect (Figs. 7-9, and Figs. S3 and 
S4 in Supplementary materials). In Case 4, the average evaporation and rainfall infiltration were 6.76 
and 2.86 mm/d, respectively. While similar evaporation-induced spatial patterns to those found in Case 
2 were still evident for both PWS and SWS, the salinity contrasts and saturation variations were 
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reduced due to the rainfall effect (Figs. 7k and 7i versus Figs. 7e and 7f). The oscillations of PWS in 
the interior area became dampened (Fig. 9a) as the density-driven unstable flow was weakened under 
reduced salinity contrasts/gradients. 
Despite the counter-balance between the evaporation and rainfall effects, the presence of three 
characteristic zones remained evident in Case 4 (Fig. 9). Low SWS and PWS zones co-existed within 
12.5 m from the creek, which was dominated by the tidally driven flow and transport processes. In the 
interior area (x > 30 m), the tidal effect was significantly weakened due to soil damping. PWS and 
SWS were largely determined jointly by evaporation and rainfall infiltration. In this area, the soil 
conditions were less dependent on the distance to the creek and varied largely in the vertical direction 
(1-D). The transition in the area between x = 12.5 m and x = 30 m was characterised by gradually 
increasing PWS and SWS, which were affected by sustained drainage towards the creek during neap 
tides with no daily submergence taking place. 
We examined the relationship between PWS and SWS (Fig. 10). Using Case 4 as an example, we 
found that in the near-creek zone (within 12.5 m to the creek), PWS was linearly related to SWS with a 
relatively small proportionality factor ( 29.1 8.6PWS SWS  with the adjusted R2 = 0.95). A similar, 
linear relationship between PWS and SWS also existed in the transition zone of 12.5 < x < 30 m; 
however the proportionality factor was seven times higher than that for the near-creek zone 
( 211.2 157.2PWS SWS  with adjusted R2 = 0.93). As discussed above, while both zones were tidally 
driven, the near-creek zone was affected by semi-diurnal cycles of fill and drain while the second zone 
was influenced more by the tidal variations over the spring-neap cycle, in particular, drainage during 
the neap tides below the marsh platform. The difference in the time scales of the tidal effects led to the 
two distinct linear relationships. Further away from the creek (x > 30 m), the tidal effect became minor 
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and the PWS-SWS relationship became convoluted due to the evaporation-induced unstable flow. 
These results reflect the basic features of the three characteristic zones discussed earlier. 
For the four cases, the marsh platform was flat and thus with the same hydroperiod (28.5 h over the 
spring-neap tidal cycle (14.78 d)). As demonstrated by the results presented here, tidally driven 
processes and resulting soil conditions depend on the distance to the creek; thus hydroperiod, based on 
the surface water dynamics and local topography, is not sufficient by itself for describing either SWS 
or PWS in the sandy-loam marsh. 
3.3. Marsh soil conditions affected by soil types 
In this section, the soil conditions in three marshes of different soil types (sandy-loam, silt-loam 
and clay-loam) are compared. These soil types are commonly encountered in natural salt marches [37, 
69, 70]. Silt-loam and clay-loam have lower permeability but higher capillarity, compared with sandy-
loam (Fig. 2b). The simulated hydraulic head distributions in silt-loam and clay-loam marshes under 
the combined influence of tides, evaporation and rainfall were different from those in the sandy-loam 
marsh. Low hydraulic head did not appear in the near-creek zone (Fig. 11, left side panel). The 
annually averaged groundwater table did not follow a monotonic trend as evident in the sandy-loam 
marsh. From the creek to the interior, the groundwater table increased slightly and then declined around 
x = 20 m. This was consistent with the local flux induced by tides (Fig. 12a). The maximum tide-
induced flux did not appear in the near-creek zone but in the marsh interior. Furthermore, the overall 
influx across the marsh platform was less in the silt-loam and clay-loam marshes (with the mean values 
being 8.00 and 7.95 mm/d, respectively) than in the sandy-loam marsh (10.90 mm/d). In contrast, the 
evaporation rate increased in the silt-loam and clay-loam marshes with stronger capillarity, as expected 
(Table 1 and Fig. 3b). While the average rainfall infiltration rate did not change much, the local value 
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decreased in the near-creek zone (around x < 25 m) but increased in the marsh interior (around x > 25 
m in Fig. 11).  
The local groundwater table was found to be higher (around 4.6 m) in the near-creek zone than 
elsewhere including the interior (Fig. 11). Because of the high SWS in the shallow soil layer, 
evaporation took place across the platform at relatively high rates during the emerging neap tides, 
resulting in the fall of local groundwater table. However, the groundwater table fall in the near-creek 
area was constrained by the tides. While causing no inundation of the marsh platform, the neap tides 
led to water table overheight near the creek – tide-induced water table set-up above the mean creek 
water level [72, 73]. The tidal overheight kept the groundwater table higher in the near-creek zone, 
resulting in higher SWS in the shallow soil layer and more intense evaporation near the creek. In the 
area of x < 30 m, the evaporation flux was relatively higher but the rainfall infiltration was lower (Fig. 
12). Consistently, the maximum PWS (Fig. 11) appeared in this area (around x = 18 m). Under the 
same hydrological and tidal conditions, high PWS occurred in the near-creek zone of the low-
permeability marshes. PWS in the shallow soil layer of the clay-loam marsh reached a maximum value 
of 105 ppt (Fig. 13). The center of the hypersaline zone with the maximum PWS coincided with the 
location of the highest water table, which may be predicted from the behavior of tidal water table 
overheight (also increasing from the creek to a maximum at x = 18 m). 
For the silt-loam and clay-loam marshes, the soil water retention was strong with high capillary 
pressure (Fig. 3b). In the 0.3 m shallow soil layer, SWS kept high values around 0.88 and varied little. 
There appeared to be no correlation between SWS and PWS. 
3.4. Marsh soil conditions affected by sea level rise 
Coastal salt marshes are vulnerable to the impacts of sea level rise. Given the same marsh 
topography and soil type (sandy-loam) as in Cases 4, sea level rise simulated in Cases 7 and 8 would 
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increase the inundation depth and hydroperiod of the marsh system (the tidal constituents assumed 
unchanged). With the mean sea level raised from 4.2 (Case 4) to 4.3 (Case 7) and 4.4 (Case 8) m, the 
marsh platform became increasingly inundated over longer periods, with the hydroperiod increasing 
from 28.5 to 44.8 and 63.2 h over one spring-neap tidal cycle, respectively. As expected, the simulated 
groundwater table rose with the sea level rise, resulting in higher SWS (Fig. S5 in Supplementary 
materials). The inundation frequency also increased from 14 (Case 4) to 18 (Case 7) and 22 (Case 8) 
times over a spring-neap tidal cycle. As pointed out by Wilson and Morris [50], inundating tides 
induced more pore-water circulation in comparison with non-inundating tides. Thus, the tide-induced 
flux increased with the sea level rise (Table 1 and Fig. S6 in Supplementary materials). With higher 
SWS near the soil surface, the evaporation rate increased while the rainfall infiltration was inhibited. 
For the simulated sea level rise, the mean evaporation rate increased from 6.76 (Case 4) to 7.16 (Case 7) 
and 7.73 (Case 8) mm/d, while the mean rainfall infiltration rate declined from 2.86 to 2.61 and 2.30 
mm/d. As the SWS and overall water storage increased with the sea level rise, the evaporation-induced 
salt accumulation did not result in very high PWS (Fig. 14a). 
Despite the changes of the magnitude caused by the sea level rise, the overall trends of PWS and 
SWS in the shallow soil layer did not change significantly (Fig. 14). Relatively low PWS and SWS co-
existed in the near-creak zone of reduced extents. 
 
4. Discussions and concluding remarks 
The creek water provides the salt source to the marsh soil during the rising tide and overtopping of 
the marsh platform [49, 60]. Over the period of emergence, evaporation leads to salt accumulation in 
pore-water and raises the PWS. Unconstrained salt accumulation would adversely affect plant growth 
and thus the mechanism for salt removal to avert salt build-up in the plant rhizosphere is critical for the 
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marsh ecosystem [24, 32]. In the sandy-loam marsh simulated, the tide-induced pore-water circulation 
provided an effective salt removal mechanism for the near-creek zone. In the marsh interior, as the 
PWS rose in the shallow soil layer, upward density gradients developed and led to unstable fingering 
flow. Salt fingers penetrating the soil layer downward removed a significant amount of salt from the 
shallow zone. The down penetration of salt fingers also generated an upward flow of ambient pore-
water and salt efflux across the marsh platform during the later stage of inundation.  
In the sandy-loam marsh, the near-creek pore-water circulation led to a well-aerated and low PWS 
zone near the creek, as found by Cao et al. [37] at their field site. From the creek to marsh interior, as 
the tide-induced drainage weakened due to soil damping, evaporation and rainfall became dominant 
and combined to determine the soil conditions. Although the plant growth is expected to depend on 
species with different levels of stress tolerance, the near-creek area is likely to favor the growth of most 
marsh plants particularly those aeration- and salinity-limited species, consistent with the field 
observations [30, 31]. The marsh interior of poor aeration and high PWS would be less favorable. If 
plant competition is based on soil conditions, different species would occupy their favorite areas, 
resulting in organized plant distributions [24, 25].  
In the low-permeability silt-loam and clay-loam marshes, the tide-induced drainage is restricted to 
a short distance to the creek. The system then varies mostly in the vertical direction (1-D). The 
simulated SWS and PWS became less related, and exhibited no spatial patterns similar to those found 
in the sandy-loam marsh. In reality, irregular variations in PWS and SWS are common in low-
permeability marshes due to the unstable flow under the influence of tidal flooding, evaporation and 
rainfall, as revealed by Moffett et al.’s [27] field investigation. In these marshes, plant zonation would 
be less profound or absent. 
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Recent modelling studies of marsh morphology widely adopted Morris et al.’s [15] model based 
on inundation depth to account for the plant contribution [14, 19-23]. Based on the simulation results, 
we suggest that this model is better suited for low-permeability marshes where the tidal effect via the 
creek is relatively minor. In these marshes, both soil aeration and pore-water salinity are likely to be 
governed by tidal flooding, rainfall and evaporation. These soil conditions are expected to be largely 
stochastic as both evaporation and rainfall are of large degree of uncertainty in natural systems. The 
density-driven unstable flow also plays an important role, intensifying the stochastic nature of the soil 
conditions. Nevertheless, under a certain tidal condition, high-elevation zones of a marsh system would 
be subjected to inundation of less duration, frequency and water depth. This leads to low SWS but high 
PWS, i.e., a relatively dry hypersaline zone, as shown in Wang et al. [34]. 
If a marsh cannot keep the growth (increase of the bed elevation) in step with the regional sea level 
rise, the inundation depth and hydroperiod will increase. This would weaken the soil aeration condition 
not only near the creek but also in the marsh interior. In the same time, sea level rise would inhibit the 
evaporation-induced salt accumulation and relieve the salt build-up in the marsh system. The net effect 
on the plant growth and distribution would depend on the competitive stress of soil aeration and salinity, 
i.e., to what extent either stress gets close to the threshold for a particular species. For an aeration-
limited species, sea level rise would inhibit plant growth and make the existing vegetation zone 
contract, as demonstrated by Xin et al. [53]. This would in turn adversely affect sediment deposition 
and marsh growth [19, 23]. Such a negative feedback is likely to reduce the adaptation capacity of the 
marsh system to overcome the sea level rise impact. 
In this study, we focused on a 2-D creek-marsh system. Further investigations based on real 3-D 
marshes are needed to explore the following aspects. The whole modeled marsh was inundated 
periodically by the tidal water, preventing salt build-up to a high level. In a natural salt marsh, tidal 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
water rarely reaches high-elevation zones above the high tidal mark. These areas may experience 
continuously intensive evaporation, which likely leads to high PWS up to the salinity saturation level. 
Subsequently, salt precipitation in the form of efflorescence and subflorescence may occur [34, 65, 66].  
Soil heterogeneity is a common feature of real marshes. Sandy-loam is often found below a 
shallow low-permeability silt-loam or clay-loam layer [37]. This layered soil structure would increase 
the creek-induced drainage, in comparison with the condition in a uniform silt-loam or clay-loam 
marsh [61]. The presence of an underlying high-permeability soil layer would also reduce the time 
needed for the near-creek water circulation [61]. This may improve the soil aeration condition and help 
to relieve the salt accumulation in the upper low-permeability soil layer. 
The soil conditions in the shallow soil layer are sensitive to evaporation and rainfall. Once the 
rainfall rate exceeds the local maximum infiltration rate, surface water runoff would occur. 
Transpiration and salt secretion by plants also affect the PWS and SWS conditions [55, 56]. Over a 
longer time scale, sediment deposition and erosion are expected to alter marsh morphology and affect 
the soil conditions [19].  
In reality, evaporation and rainfall are of a highly stochastic and uncertain nature over short time 
scales. The simulation results from this study seem to indicate that the short time scale fluctuations of 
these processes do not affect strongly the development of relatively stable patterns of soil conditions 
over longer time scale. However, it is yet to be tested whether under more complex and realistic 
conditions, the marsh system can still retain such a quasi-steady state. 
Finally, we would like to emphasize on the importance of macro-pores. Crab burrows are found 
commonly in natural marshes and expected to influence a range of hydraulic and geochemical 
processes [37, 40, 74]. Crabs have been identified as ecological engineers, affecting the marsh 
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ecological structure and function [74]. It remains a question how burrowing activity of crabs modify 
the soil aeration and salinity conditions. 
In summary, we have simulated the pore-water flow and salt transport in a creek-marsh system 
under a range of hydrogeological conditions. The simulation results have generated insights into the 
marsh soil conditions, which will help to address questions concerning the marsh plant growth and the 
eco-functionality of marsh systems. Although the findings need to be tested against measurements from 
real and complex marsh systems, this study has provided directions for future investigations. 
Understanding of marsh soil conditions in connection with key eco-morphological processes is 
essential for improving our ability of predicting and protecting coastal salt marshes against impacts of 
intensive human activities and climate change including sea level rise. 
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TTable 1. Simulated cases with model parameter values and key results#. 
Cases MSL
Z
(m) 
Soil type Evaporation Rainfall S
K  
(m/s) 
  
(m-1) 
n  
(-) 
Mean per-unit-area flux across the 
marsh platform 
(mm/d) 
Tide-
induced 
Evaporation-
induced 
Rainfall 
infiltration 
1 4.2 Sandy-loam Without Without 1.23×10
-5
 7.5 1.89 5.00 0 0 
2 4.2 Sandy-loam With Without 1.23×10
-5
 7.5 1.89 12.48 6.94 0 
3 4.2 Sandy-loam Without With 1.23×10
-5
 7.5 1.89 5.07 0 2.39 
4 4.2 Sandy-loam With With 1.23×10
-5
 7.5 1.89 10.90 6.76 2.86 
5 4.2 Silt-loam With With 1.23×10
-6
 2 1.41 8.00 7.95 2.96 
6 4.2 Clay-loam With With 7.22×10
-7
 1.9 1.31 7.95 7.29 2.94 
7 4.3 Sandy-loam With With 1.23×10
-5
 7.5 1.89 13.40 7.16 2.61 
8 4.4 Sandy-loam With With 1.23×10
-5
 7.5 1.89 14.24 7.73 2.30 
#
 For all the cases, the residual water saturation ( WresS ) and soil porosity ( ) were set to 0.1 and 0.45, respectively.
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Figure 1. (a) Diagram of the modeled creek-marsh system. Hydrological factors affecting pore-water 
flow are illustrated (note that plant transpiration was neglected in the present study). The coordinates of 
the domain reference points are, respectively, A (4, 5), B (60, 5), C (60, 0), D (0, 0), E (0, 3) in the unit 
of m; and (b) conceptual model of salt balance in the marsh soil (following Morris [56] with 
modifications). 
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Figure 2. Annual rainfall time series used in the simulations.  
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Figure 3. (a) Evaporation rate dependent on the soil water saturation at the soil surface; (b) Soil water 
retention curves for different soil types.  
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Figure 4. Annually averaged salinity distributions for Case 2. Elapsed time in year is given in the figure 
titles. The left side panels are with density effects and the right side panels without density effects. 
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Figure 5. (a) Creek water level fluctuations. The dashed line shows the marsh platform elevation. (b) 
The variation of the total amounts of water and salt stored in the 1 m shallow soil layer; (c-n) 
Variations of instantaneous equivalent freshwater head (left side panels; the white lines show the 
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groundwater table; the black lines show the flow streamlines starting at the 0.5 m soil depth; and the 
blue lines show the creek water level), pore-water salinity (middle panels; black circles indicate the 70 
ppt salinity) and soil water saturation (left side panels). The results are from the first spring-neap tidal 
cycle in Year 8. 
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Figure 6. Averaged per-unit-area salt flux across the marsh platform over the spring-neap tidal cycle in 
Year 8 (Case 2). 
  
0 10 20 30 40 50 60
-10
0
10
20
30
x (m)
P
e
r 
u
n
it
 a
re
a
 w
a
te
r 
fl
u
x 
(m
m
/d
)
 
 
a), Water flux
0 10 20 30 40 50 60
-0.1
0
0.1
0.2
0.3
x (m)
P
e
r 
u
n
it
 a
re
a
 s
a
lt
 f
lu
x
 (
k
g
/d
)
 
 
Influx, With density effect
Efflux, With density effect
Influx, Without density effect
Efflux, Without density effect
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Figure 7. Comparison of annually averaged equivalent freshwater head (left side panels; the white lines 
show the groundwater table), pore-water salinity (middle panels) and soil water saturation (left side 
panels) among Cases 1-4 subjected to the influence of different hydrological factors (Case 1, tides only; 
Case 2, tides and evaporation; Case 3, tides and rainfall; and Case 4, tides, evaporation and rainfall). 
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Figure 8. Annually averaged per-unit-area net flux across the marsh platform induced, respectively, by 
the tides (a), evaporation (b) and rainfall infiltration (c). Cases are given in the figure legend.  
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Figure 9. Comparison of the annually averaged pore-water salinity (a) and soil water saturation (b) in 
the 0.3 m shallow soil layer among Cases 1-4. The results are based on vertical averages of the results 
shown in Figure 7. For comparison, the annually averaged soil water saturation over the spring tidal 
cycle is also plotted (dashed lines in (b)). Cases are given in the figure legend. 
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Figure 10. Pore-water salinity versus soil water saturation over one year. Results are depth-averaged for 
the 0.3 m shallow soil layer. The color bar shows the distance to the creek. The black lines show the 
fitted results. Note that the results for Cases 1 and 3 are overlapped. 
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Figure 11. Annually averaged equivalent freshwater head (left side panels, the white lines show the 
groundwater table), pore-water salinity (middle panels) and soil water saturation (left side panels) in 
the silt-loam (Case 5) and clay-loam (Case 6) marshes. Cases are given in the figure titles. 
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Figure 12. Annually averaged per-unit-area net flux across the marsh platform induced, respectively, by 
the tides (a), evaporation (b) and rainfall infiltration (c). Cases are given in the figure legend. 
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Figure 13. Comparison of the annually averaged pore-water salinity (a) and soil water saturation (b) in 
the 0.3 m shallow soil layer. The results are vertically averaged. Cases are given in the figure legend. 
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Figure 14. Comparison of the annually averaged pore-water salinity (a) and soil water saturation (b) in 
the 0.3 m shallow soil layer. Cases are given in the figure legend. 
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